
P R O G R E S S  R E P O R T  
PR 91565-430-3 

For Month of September 1962 

DEVELOPMENT OF A U X I U R Y  ELECTRIC 
POWER SUPPLY SYSTEM 

NASA Contract NAS 3-2550 

Prepared by 
R. C. Thomas 

Approved by Approved by 
W. H. White 

Group Supervisor Engineering Manager 
Space Power System Power Systems \ 

Aerospace Division 
VICKERS INCORPORATED 

Division of Sperry Rand Corporation 
Torrance, Camornia 



I"ROI3UCTION 

This report covers the work accomplished by Vickers 
Incorporated under NASA Contract NAS 3-2550 during the month of 
September, 1962. The objectives of this program are to conduct arL 
engineering study culmnatirg i n  the design of an electrical power gen- 
eration system operating on hydrogen and oxygen in a space environment, 
and to conduct preliminary testing on critical system components. 

1 
PROGRAM SCHEDULE 

The program schedule is shown in Fig, 1. The fabrieatior! 
schedule has been delayed on the engine and r egei E r  ator to expedite 
work on the hydrogen compressor and oxyger injector. The r-esultir!g 

regenerator by approximately three weeks. It is plmned to give prior- 
ity to the hydrogen compressor arpd Lhe oxygen ifijector since these 
components reflect the areas of greatest uncertainty. The program plar~. 
foy this project covers the entries of Fig. 1 and was descriLed ir- the 
progress report for July, 1962. 

PARAMETRIC STUDIES 

rescheduling will delay the development program on the experimental 4 

a. Cvcle AfialvsiI; 

The following assumptions have been u e d  ir.; cycle ar'alysis 
studies to date: 

1. Engine Speed = 4000 rpm 

2. Oxygen/hjdrogerr ratio = 2.0 

3. Diagram factor = 0-9 (for the case 01 zero 
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4. 

5. 

6. 

7. 

heat rejection) 

Maximum cyhctder pressure = 1200 psi  

Clearance volume = 5% (Except for the variable 
clear ance volume study. This is the minimum 
practical limite 

Friction Mean Effective Pressure (FMEP) = 11 psia 

Constant volume combustion (at 0 2 / H 2  = 2.0 peak 
pressure is 3 times initial pressure). 

The two external eompr-essior engiee cycles under consider- 
ation are the throttled Otto cycle and the constant pressure - 
variable phase valve cycle. From a controls v i e w p i n t  the 
problems involved in either cycle a re  of the same order. 
For two ergines ifi a redundant system the desigs, BSPC for 
either cycle would be the same. Two Otto cycle engines 
sharing a 2 kw load equally would operate at a BSPC of 1.7' 
lb/kw hr. Orie constant pressure - variable phase cycle 
engine operating at 2 kw consumes 1.78 lb/kw hr. Therefore 
an engine choice carwot be made OP. an efficiency basis, 

The variable phase engine is considerably smaller in size, 
yielding a Power s j s tem weight. However a larger ergice 
has some sc,al%rjg advacxages. 

The smaPler variable phase ergfne operates at a much &her 
BMEP them the Otto cycle engine, which reduces its sensi- 



tivity to back pressure. For example, at sea level the 
variable phase engine delivers 86.5% of i ts  rated power in ;  

space, while the Otto cycle ergine develops only 41% of 
i ts  space power rating. 

A more versatile engine capable of operating over a wider 
power range would result from a combination of the above 
two types of cycles; that is with a variable phase control in  
combination with the throttle control on the hydrogen i d e t  
pressure. I t  is plamed to study the combined cycle engi1.e 
during the next report period. 

Crvoaenic T a n k a e  - The system urder developmerd will  
require 1050 lbs. of propellant (700 Ib. of oxygen wd 350 
lb. of hydrogen) for a 350 hour mission. Operation OK 
boiloff from main propellant tanks for the first  100 hours 
will  reduce the tankage requirements to 250 lbs. H2 and 
500 lbs. 02. Supercrftical storage appears to be the most 
practical method. I t  may be desirable to operate the eygine 
directly on propellants supplied at critical pressure, dis - 
engagireg the compressors af'ter the first  100 hours. 

+ 

, 

The influence of hydrogen storage pressure or- ergice per- 
formance is rmw being icvestigated. Fig. 2 shows BSPC vs. 
maximum combustion pressure for an Otto cycle engine at 

, maximum power, For an 02/H mixture ratio oi 21. the 
maximum combustion pressure is approximately three tirnss 
the hydrogen inlet pressure. To lower hydrogen inlet pressure 
from 400 psi  (fixed by maximum allowable cylinder pressure? 
to 300 psi (a practical supply pressure from a supercritical 
tank) entails a BSPC increase of 4%. This is a weight pea- 
alty of only 30 lbs .  of propellant on a 350 how mission. 
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Although subcritical storage might make possible a lower 
tank weight, prover, liquid expulsion methods do not yet 
exist for zero-g operation. Also the tank weight s a v k g  
due to lower internal pressure might be negated by tankage 
structural requirements necessary to withstand the shock 
of a lunar landing, o r  by greater insulation requirements 
than for supercritical tanks. 

Supercritical storage is presently favored. The tankage 

information has been reference 1. 
, investigation is being continued. The major source o€ 

Compressor Analvsis - Compressor work curves for saturated 
vapor inlet are presented in Figs, 3 arid 4. Compression 
work is based on a inlet pressure of 15 psi. The hydrogen 
is compressed to 1200 psi and the oxygen to 1500 psi. These 
conditions represent the maximum work which the compressors 
will be required to perform. 

Hydrogen compression work was calculated from a temper- 
ature entropy diagram €or hydrogen, assuming 75% com - 
pressor efficiency, Oxygen compression work was calculated 
from the following expression: 

Lc 

using the following numerical values: 

Compression power as a function of engine power for various 
BSPCvs is givenin Fig. 5. This analysis is conservative. 
Actual values cannot be estimated until compressor design 

i 
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is fixed. The three steep lines in Fig. 5 represent compressor 
vs. engine power- for alternator outputs of 75, 2, and 3 kw 

I respectively. These lines would be vertical lor zero com- 
pressor work. 

bo Heat Rejection Anal-mis 

I 
The Vickers Hydrox engine has two inherent and unavoidable 
factors which deviate from conventional engines, These 
are small cylinder size and a workirg fluid which is pri- 
marily hydrogen gas. Both of these factors tend to increase 
heat rejection per unit of powr delivered, In recognition 
of this, the test engine was designed to permit use ok heat 
dams in the cyUlder head and piston crown, w i t h  the intake 
valve isolated from the combustion zone by stratification. 

An analysis of the heat rejection characteristics of' e ~ g f -  t"s 

is presented using methods suggested in Refereace 3. Heat 
rejection is a function of the following parameters: 

where h is film coefficient, A is piston u e a ,  Q LS rate 
of heat transfer, T is temperaturep B is cylimer tore, 
K is corxiucti.t-ity,,u is viscosity, V is pistor, speed, 
IS density, P is pressure, HP is power output. 

P 
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by rearranging and assuming T to be constant 

where 
M. W. is molecular wt. 
HP, is specific horsepower - hp/in3 
Pr is Praradtl number ~ 

r /  [@,  

k 

The heat rejection characteristics of two engines can be 
compared as follows: 

When specific power and displacement 
working fluids are different: 

are equal but 

When working fluids are the same but engine displace- 
ment o r  specific power are different 

A comparison between the heat rejection characteristics 
of the Vickers Hydrox engine and a conventional air- 
breathing engine can be made using equations (5) and (6). 
In &e EI;z!rs?r mw.tnc? ---V--- the working - fluid is primarily hydrogen 
and in  the air breather the fluid is mostly air. 

The Hydrox engine has 1.5" bore and HP, = 2 and a 
typical modern air-breathing engine has a 3.34" bore 
with aHPS of . 5  and a Q/HP = .413. 
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Thus: 

c 

= . 4 1 3 ~ 1 . 6 4 ~ . 7 0 7 ~ 1 . 4 9 5 = 0 . 7 1 5  
with thermal transport properties evaluated at an 
assumed average temperature of 3000OF. 

A similar analysis can be made for a Hydrox engine oper- 
ating on a stoichiometric ratio of hydrogen and oxygen. 
In  this case the working f lu id  is steam. It can be shown 
that the heat rejection characteristics (Q/HP) would be 
40% lower than that of an engine operating on pure hydro- 
gen, as assumed in  the previous analysis. Thus there is 
a convincing indication that significant reduction in  heat 
transfer to the cylinder can be achieved in Hydrox engines 
as more nearly stoichiometrjc operation is approached. 

Note that the preceding discussion assumes no insulation 
on the Hydrbx engine. Effective thermal insulation 
should reduce heat rejection appreciably (perhaps as much 
as 50%). 

The above analysis is based on the heat rejection charac- 
teristics of the new Wil lys  6-230 (as reported in  SAE 
Paper 532A) engine which has about the lowest heat re- 
jection of any air-breathing engine reported to date. 
n u w c v c A ,  TT--------- i t  maaVIIIY -hmn-lA he -- _-_-_. ndd that other automotive engines 
of similar size reject two to three times as much heat as 
the Willys engine, which indicates that low heat transfer 
characteristics can be achieved with judicious design and 
development. 

12 



Included a s  Appendix A in this report are the derivations 
and results of the cycle analysis with the effects of heat 
rejection shown. A portion of this analysis was shown 
and discussed in the August 1962 progress report. 

13 



CONTROLS 

t 

A.  Evaluation of Engine and Propellant Source Configuration arid 
Oper atiw Characteristics 

As a result of engine parameter studies, a set of engine equations 
suitable for use in  control system analysis has been agreed upon, 
These equations describe the power output wid the exhaust gas 
temperature of the engine in terms of the O2/H2 mixture ratio 
and the rate of fuel consumption. A method of throttling the en-  
gine was selected, valve sizes and characteristics were estima- 
ted and a set of system equations was written, This set of equatiom 
was used in setting-up an analog of the system on the Vickers ana- 
log computer " 

A study of the system by these various methods inrdfcates that the 
engine power must be regulated at very high rates of response in  
order to keep speed constant, therefore fuel flow must also be 
controlled at high response rates, In order to keep cyllir,dsr tem- 
perature at a desired le\,el during trarsients, the high resparise 
rate is required for both fuel and oxidizer. The present control 
system corzfiguratiofi reflects these requirements by placmg the 
coritrol .talves close to the er,g,-ine and supplying gases to the aslve 
from a small  storage volume held to a reIatiL'ely cor,star:t p re s s .  

&th compressor response, Ar; alternate cordiguration I see 
Fig, 10) for the oxyger: supply will be investigated in  which the 
oxygen compressor response is kept high by ellrmi~ia$in.t; as much 
h e  aolume as possible: thus alloRing the oxygen to be coiltrolled 
upstream of the compressor, 

Ere (see Fig. 9). Th!S ah$& c?Ipmirates prnk4ems assorfated 
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Further investigation of the moment of Inertia has shown that 
effects of the engine combustion and torque cycle place certain 
restrictiors or' the mirimum rotating moment of inertia of the 
system. Based upon the computed moment of inertia, an unde- 
sirable speed variation would occur at 66 cps, Computations 
indicate that ar increase i~ inertia by a factor of 4 would be 
required. This change in inertia is designated as the "required 
moment of inertia" on Figures 6, 7, and 8. It is not anticipa- 
ted that a flywheel will be required to realize this change in the 
system since larger diameter generator designs are evolving 
which will irm-ease the hertia. 

Bo Eval~ation of Coritrol Conff~nratior; 

The ramlog computer mech'a.rdzation which was established was 
checked for agreement with results obtained from linear m-alysis. 
Several hundred d a h  poicis have beer: run. The data indicates 
that the conclus%oms reached in  last month's report are correct. 

Three system approaches have been used in this w.alysis which 
were described P1.i the August Progress Report. These systems 
are listed below for reference purposes, 

System 1 - Error signal proportiom1 to load change.. 
System 2 -. E r r o r  signal proportfocal to speed, 
System 3 - Similar to 2 with more complex compensation. 

The system e r ro r  is plotted as a function of loop g&c. In desggx - 
ing a system, a specific value of loop gain would be chosen from 
the data. The actual system loop gain would vary arourd xhis 
specified ~omirual I alre, possibly twenty percent, due to system 
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C. 

. 

non -1Pnzearities. This would represect a band of loop gains on the 
data presented. over which the system accuracy and response 
should meet requirementss. Figure 7 shows system er rors  for 
System 2 as a function of loop gain, Note the decrease in  e r ro r  
due to the irrcre-&e in system inertia, 

Figure 8 shows the effect of load senri;or on the system. (System 1 

plus 21, The indications are that, with the load sensor, control 
requiremerits can be met with some margin. 

Figure 6 shows the result of System 3,  although a more optimized 
compensation function was used to obtain this data. The advan- 
tages of this system, when compared with Fig, 7, appear as a 
reduction irr. transient e r ror ,  Since Systems 1. plus 2 have d e - -  
quate capability to maintain system accuracy, and System 3 
represents added complexity, i t  will not be considered as a prf- 
mary system approach at this time. 

EvaluaEon of Coritro 1 Components 
1 

The selection of components is beir,g based upon general require- 
merits such as: 

1 
2 
3 Efficiency. 
4 ,  Weight a-nd re liability. 
5.  
6 .  Cost and required developrner& 

Compatibility with power sources ., 
Compatibility With input and output requirements 

Ability to meet accuracy and computatiori requirements, 

Estimates will be made of the amount of torque required to move 
the 7ralv.e phasing mechanism at the required response, thus 

21 



determiring what type of "muscle" wi l l  be necessary to provide 
this function. The other ~aalv-es will probably require less 
torque and be more compatible with electrical torque motor 
applications 

Future Effort An analytical work statement has been written 
for the remainder of the study. The major areas listed in this 
statement are: 

1, Obmir, system data. 
2,  Expand malog simulation, 
3. 
4 ,  O t t a h  a a l o g  data, 
5, Write report, 

Expaiid Lmar &xdysis (9% completed now). 

In the next moizth, effort wtll primarily ifivolve obtaining data 
from the exparzded <xixilog simulatioi?. 
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ELECTFUCAL COMPONEPJTS 

I .  Work accomplished diriing Septenriber COF ered analytical 
and qumtitative calculations of altermtor designs to meet the elec - 
trical output and efficiency goals of the system, 

The attitched chart shows the papimeters of three alternator 
speeds correspondbig to 4 8, ar,d 12 pole Vickers designs. The 
efffcferrcies shown are bcased on a temperature rise of 40oC in the 
rotor, or the rotatkg elemem, of ;he macMr.e o\'er ambient at 20oC. 
with a rotor coo!i~g r n ~ d i u m  of hydrogc;: xi 7 ps i  absolute. Stator 
terripeaatature rise 1s Limited to 3GoC Through ~xxreraal liquid and/or 
hydrogern coolSng 

Totdl efficiemies arc further based orr voltdge regulator 
efficiency of 70% wid excitation source efficiency of 70%, Gear train 
efficiency, i f  gearbox is usedy is estimated to be 99(& Weights 
shown are for actfar ekctro magnetic materials only. Depepding on 
the final packaging techrriques, arid fihe method of excitation, the total 
machine weights ~ 3 1 1  Le 7 lo 15 lbs o w r  the weights shown for active 
materials, Lengths ail1 be increased proportionately. 
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DESIGN PARAMETERS - 400 CYCLE ALTERNATOR 
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RELJABILPI'Y STLDIES 

1n SeptemLer, r~L&fliiiy effort co,-sisied mainly of loca- 
tirig documents con:&ri,-.g scitaLk, fh lu re  rate Irformation. This 
informaaon e11 be useful for relidbfrLty estimates of the system 
components throughout the study contract. Numerous faflure rate 
manuals for mechmicd ar:d electrical devices of all types are now 
at the disposal of Vickers reEL&xlity engfneerirAg, Applicable man- 
uals obtained thus far include those debeloped by BoefrE Airplane 
Comparq, Korth Amerfczu: Avlattor~, Mdrtin Muie t t a  Corp, 
General Corp. 
ment Center, 

Aerojet 
u d i o  COPD of America, and the Rome A i r  Develop- 

To date no reli&i13y es;iniilaws ha\e been made. The 
principle reason for fhs is tne lack of a firm system design. In 
some cases, types of c o m p ~ i ~ e n t s   re n-ot established and in all cases 
the necesscdy s p e c i f k d i o ~ s  ad e riot ye% determined, For example, 
alternator failure 7 a t ~ s  samot correctly be estimated until basic 
features such as stdior dfameier. number of brcshes or slip rings, 
load requiremeru,  etc. are firmed, H o w t e r  design and types 
of components are grdual ly  being determirded ma frdtfal failure 
rate estimates for cestdir, cornporwds will b~ submitted in later 
progress reports 

The tentative progrdm for the re.UaLXty effort is as 
follows : 

I .  
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This schedule may be Altered somewhat depertding on the 
progress of the dea?ehopmerrt group 
will be limited iiitially ;iPrd Nib1 ificrease as the system design be- 
comes more defil=iti\*e. 

In general, reliability effort 

It is expected that the Hydrox engine mll have the highest 
failure rate of the major system componentso The ability to estab- 
lish a valid es t fmde for it will be ~ e r y  important. Since engines of 
identical configuratior& are non -existent, the procedure of estima- 
tion is through comparfsor. w5th other fr,tercal combustion engines 
of similar power le~e ls .  Inteqolation may be used to obtain the 
expected failure rides, Letters hbve been1 sent to the Department of 
A i r  Force, ha1 y s d  severa' goterrrvmect cottractors requesting 
appropriate er.&ne fdlure r&e data, 

MATERIALS 

Recommer,d&ons f rom NASA on oxygen injector materials 
are given irr Reference 2 ,  

From the stancipo~nt of fdbrjCdbelity, machinability, 
availability+ arid utility at both intermediae (16000F) and high tem- 
peratures (2000oF), It appears that R e m v  43, Hayms 25, Inconel 
702, and Haynes meial cesitmic LT 
properties eqii i  dent. or scperior to those outlimd ifi the NASA 
re c o m me r,dati ons 

possess elm ated temperature 

Mechanical properties of these alloys dre as follows: 
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Yield Str ergrh @ 1880" F 33,000 psi 

Stress-r-upture@ 165Cf3F 100 hours 21,000.psi 
16503F 500 hours 14,000 psi 
b880C F f @ 0  hours 9,500 ps i  

2. Haynes 25 ~- Cobalt Base 
Oxidation resistant up to 2000" F 

Yield strength @ 1800OF 23,000 psi 

Stress- rapture @160OGF 100 hours 18,000 ps i  
1800oF 100 hours 7,500 ps i  

I O C O  hours r'equir d to prodme 73% creep 
@ P50CoF at a stress of 14,000 psi. 

3. 702 I P G O R ~ ~  ~ Nickel Base 
Oxidation resistzit to 2300GF 

Yield shrergth @ 1600cF 30,000 ps i  

Stress-rupture@ 1600; F 100 hours 9,000 ps i  
P800'F 100 hours 4,000 ps i  

4. Hay:*es Metal-Ceramic - 77% CR 23% A L ~  O3 

Good thermal shock reslstmce aud oxidauon. It is 
sLtper ion to LT - fiB at 2209 F a d  amve. 

-- 'i'ne exparmsiofl coeificient is approximaireily &e tianie 
as LT-PB, 

HYDROGEN COMPRESS03 

The final desigi? assembly drawing of the experimental 
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hydrogen compressor w a s  g i v ~ ~  I: the August progress report. Al l  
design drawhgs have h e w  released to the shop for fabrication of an 
experimental unit. Parts are z ow uefrig manrcfxtured. Fabrication 
is about 30% complete. 

A schematic of the pla:md hydrogen compressor test circuit 
is shown in Fig. 1.1. As show:? the circuit will allow testing on either 
saturated nitrogen. vapor, hjdrogerr gas cooPed to Uquid nitrogen 
temperature, or saturated hydrogen vapor e 

28 



c 
Y 
3 

D 
bl 
f 
3 
d) 
3 

- 
0 
J 
I 

x a a 



I -  

REGENERATOR 

Enough preliminary desigp, analysis has  been completed on the 
regenerator to furnish an idea of the basic design problems which will be 
encountered. A schematic of the regenerator.is shown in Fig. 12. A 
cross counterflow heat exchanger in which hydrogen at cryogenic tem- 
perature and high pressure is warmed by the engine exhaust is planned. 
(The actual configuration could be circular or annular instead of rectan- 
gular for packaging purposes). The following decisions have been made 
as a result of the analysis to date: 

1. 

2. 

3.  

Engine exhaust heat will be regenerated to the in- 
coming hydrogen only. Oxygen will be raised to 
a convenient temperature level, 

A plenum chamber between the exhaust manifold 
and the regenerator will not be used, since there 
already is considerable volume in the regenerator 
and resonance effects may be of benefit. 

A relatively large and simple regenerator using 
commercial tubing will be designed for opera- 
tion at sea level exhaust pressure. This 
regenerator will be built and tested to evaluate 
heat transfer coefficients and icing problems. 

The analysis is presented in  Figures 13 and 14. 
The assumptions used in this analysis are  as 
f 0 llows : 
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A square wave flow pulse IS assumed in 
which the entire flow OCCULS for 1% of 
the cycle, Zero fiow and zero heat trans- 
fer occurs oveI the rest  of the cycle, Heat 
transfer coefficients and pre  ssure drops 
are calculated for steady flow at the Reynolds 
numbers and Mach numbers of the pulse. 

The exhaust temperature (Tex = 1540OR) is 
the mass average exhaust temperature com- 
puted over the portion of the cycle 111 which 
exhaust ports azt  open, 
page 16'7 far a discussion of this temperature. 

See reference 3 

The effects of resonance are omitted. The 
heat transfer coefficient could increase by 
a factor of ten if a standing wave were set 
~p in the exhaust f l s w ,  perpetuating the en- 
glne pulsatior,s, Such resonance effects are 
diffrcurt to  mitrate or predict, 

The exhaust film coefficient 1s the controllmg factor due 
to the low density and veiccity of exhaust flow, Fig. 13 gives the 
exhaust flow area as a function of exhaust surface density for two 
regenerator lengths 
able with commerciab tubing, It can be seen mat a drastic reduction 
in size is possible wlth liight weight hardware, It must also be em- 
phasized that these ca5,cuiations are very corismvativer and that 
reliable heat t r m s l e r  data daes not exYst in our r!ow regime, Hence, 
the need for an csperating regecerator, 

A surlace density ci 250 ft ,  2/ftc is attain- 

The major wknowns at present are the effects of part 
load operation on Pcmg and the best piocedure to foliow in system 
warm. up. Investigation of these matters wi l l  continue, 
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Although the final system design may not include exhaust 
heat regeneration to the oxygen, it is planned to provide for oxygen 
regeneration in the experimental regenerator. This will provide 
the necessary f lexibility to evaluate regenerator performance with 
and without oxygen regeneration. 
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ENGINE 

The engine being constructed for this program is essen- 
tially identical to the engine constructed under the ASD contracts. 
Design modifications and improvements are discussed in the 
August 1962 progress report. Par t s  for the engine are now being 
fabricated and are about 25% complete. 

OXYGEN INJECTOR 

The oxygen injector configuration shown in Fig. 11 of 
the August progress report is being built. Some results of calcu- 
lations which were made to determine torsional tube wall thickness 
are shown in Figures 15 and 16. In Fig. 15, stress as a function 
of wall thickness is shown, and in Fig. 16, the cam follower force 
and cam follower Hertz stress are shown vs. tube wal l  thickness. 
The dotted line at .008" represents the thickness chosen. It is 
believed that fatigue considerations can be satisfied at this stress 
level. (1000 hours life is the design goal). 

Injector drawings have been released and the injector 
construction is approximately 25% complete. A materials change 
from Inconel 702 to Inconel 718 or Rene' 41 has been made due to 
the lack of availability of Inconel 702. 

PROBLEM AREAS 

No problem areas beyond those originally anticipated for t h i s  
program have been encountered during this' report period. The 
schedule has been slightly delayed on the engine and regenerator effort. 
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Fig. 15 



Fig. 16 
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PLANNED FUTURE WORK 

For the forthcoming report period i t  is planned to continue 
work in  all of the areas of the program as indicated in the schedule i n  
Fig. 1. Parametric studies, controls analysis, and selection of 
electrical components wil l  continue. Reliability and failure analysis 
will continue and material studies will  continue as required for selec- 
tion of materials for the experimental components. Fabrication of 
all experimental components will continue. 

An analysis of engiee dy1iamic.s will be completed during 
the next time period. The linear controls analysis wil l  be com- 
pleted ard data wil l  be obtailigd from the exparded analog simula- 
tion. The work statement mentioned in  the controls analysis will be 
followed. Cornponefit design studies will  be initiated. This involves 
conceptual layout ard design studies of the flight weight engine and 
as so ciat ed hardware e 
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